Introduction
Composting involves the biological decomposition of organic matter under aerobic conditions to produce a humus-like product. Residues such as yard waste, manure, sewage sludge, municipal solid waste or industrial waste are recycled worldwide through field scale composting [2, 9] . The recycling of the domestic organic waste through home composting is also practiced worldwide, contributing to the increased level of environmental awareness [7] . Compost products are used in agriculture, forest or ornamental farming and as landfill cover in public areas as parks or sport fields [2, 19] . Previous studies show that compost microbiota is rather complex and that the use of culture-dependent and independent methods may reveal different members of these communities [1, 13] . Whereas bacilli and other spore-forming bacteria are the predominant culturable bacteria found in composts [1, [12] [13] [14] , total DNA-based studies indicate the prevalence of other organisms. Using culture-independent approaches, Fracchia et al. [6] observed the prevalence of Gram-positive organisms belonging to the Firmicutes and to the Actinobacteria. Takaku et al. [13] registered a shift of the prevalence of Firmicutes during the thermophilic stage to Bacteroidetes in the maturing phase. In one of the few studies reporting the bacterial diversity of finished composts, Fracchia et al. [6] underline also the contrast between hot compost and vermicompost. In vermicompost, they found the predominance of members of the phyla Chloroflexi, Acidobacteria, Bacteroidetes, and Gemmatimonadetes. These results suggest that although some taxa have a widespread presence in composts, others may be more or less abundant according to the nature of raw materials, composting conditions, and maturation process [2, 6, 13] .
Compost is the final product of an extensive process of biological decomposition of organic residues with increased bioavailability of nutrients and reduced pathogen presence [2] . Microorganisms able to degrade polymers through the production of extracellular enzymes or to inhibit pathogens may have a selective advantage during the composting process. Their presence in the finished product is important, reflecting somehow the compost quality, and its properties as nutrient supplier and pathogen suppressor.
The present work aimed at the comparison of the diversity of heterotrophic bacteria isolated from three commercial and two homemade finished composts considered by the respective producers as ready-to-use. The production of extracellular amylases, proteases, lipases, esterases, and antimicrobial agents was assessed in the culturable heterotrophic bacteria, and their genotypic diversity was compared in the five compost products.
Materials and Methods

Composts
Three commercial composts, produced from poultry litter (PC), sewage sludge (SC) and municipal solid waste (MC), and two homemade composts, a thermal compost (DC) and a vermicompost (VC), were analyzed. The homemade composts were produced by an environmentalist group with the aim of promoting environmental awareness to students. Both homemade composts were produced from kitchen refuse, and neither the composting conditions nor the maturation state were controlled. When composting is considered complete (through visual examination), the recycled products are used for gardening without any further control. Compost DC was produced by thermal digestion in a wood-made domestic composter (1 m 3 ) and compost VC was produced with the earthworm Eisenia foetida. The sewage sludge compost (SC) was produced from anaerobically digested sewage sludge of a domestic wastewater treatment plant as described before [14] . The poultry litter compost (PC) was produced from chicken wastes of aviaries, meat meal, bird bones, vegetal ashes, and grape husk. The materials were stored for 5-6 months till its composting. The composting process was conducted in piles (20 m length, 10 m wide, and 4 m height), under a covered area for a period of 45 days with mechanical revolving. The municipal solid waste compost (MC) was produced from undifferentiated urban wastes. These wastes were initially submitted to a coarse selection and to a precomposting of 3 days in an aerated bioreactor (DANO). After precomposting, which facilitates the separation of the organic matter from other inert materials, the composting process occurred at open field for 6-7 weeks in piles with automatic aeration and revolving. A package of compost (SC, PC, or MC) was purchased in the commercial department of the respective producer. According to the label information, these commercial composts are recommended as potting soil, for gardening and agriculture (SC), vineyards and orchards (MC), or vineyards, orchards, and olive groves (PC).
Physicochemical Analysis
The physicochemical properties of the composts studied (Table 1) were determined using standard procedures, as described before [11] . Water extracts of the compost were obtained by mechanically shaking the samples with distilled water at 1:5 (w/v) for 1 h. The suspensions' glass wool filtrates were used for the determination of electrical conductivity and pH. Moisture content was determined in compost samples dried at 105°C for 4 h. The concentration of volatile solids (organic matter) was determined as the gravimetric loss-on-ignition produced by ashing the previously dried samples at 550°C for 8 h. Total nitrogen content was obtained by the Kjeldahl digestion method, and total carbon was estimated by multiplying the organic matter content by 0.5. NH 4 + -nitrogen was determined after extraction with 2 N KCl (ratio 1:4, w/v) for 1 h, centrifugation at 3,500 rpm for 30 min, filtration, distillation, and titration with 0.05 N HCl. The C/N ratio was calculated based on the concentration of total carbon and total nitrogen. The heavy metals content (Cd, Cr, Cu, Ni, Pb, and Zn) was determined by flame atomic absorption spectrometry (PerkinElmer Atomic Absorption Spectrophotometer) after filtering the extracts obtained from the digestion of the ashes with 3 N HCl. The physicochemical analyses were done in triplicate. The self-heating bioassay was performed using 1 kg of the sample adjusted to 35% of moisture content in a Dewar vessel. The germination index was performed using aqueous extracts of compost obtained by mechanically shaking dried samples with sterilized water (ratio 1:10, w/v) for 1 h. The suspensions were centrifuged at 3,500 rpm for 20 min and filtered. About 1.0 mL of each filtrate or water, as control, was added to a sterile plastic petri dish lined with Whatman # 2 filter paper. Fifteen plastic petri dishes were used for each filtrate where seven cress seeds (Lepidium sativum L.) were placed on the filter and incubated at 27°C for 24 h. The germination index was calculated based on the number of germinated seeds and the measure of the length of roots according to the following formula: A volume of 1 mL of each dilution was filtered (cellulose nitrate, 0.45 μm pore size, 47 mm diameter; Albet) and the membranes placed onto five different culture media: plate count agar (PCA, Merck) for total heterotrophs, levine EMB agar (Oxoid) for total coliforms, m-Enterococcus agar (Difco) for enterococci, actinomycete isolation agar (Difco) for actinomycetes, and Rose Bengal agar (Merck) for fungi. Colony forming units (CFU) were enumerated after the respective incubation periods: 24 h at 30°C for total heterotrophs; 7 days at 30°C for actinomycetes; 24 h at 35°C for total coliforms; 48 h at 35°C for enterococci; and 7 days at 22°C for fungi. Typical colonies of coliforms were confirmed as fecal coliforms when grew and produced gas in Escherichia coli medium (EC; Difco) after 24 h at 45°C. Catalase negative isolates from the m-Enterococcus medium, capable of producing darkening on bile esculin agar (BEA; Merck), after incubation at 35°C, were confirmed as enterococci. To evaluate the diversity of culturable heterotrophic bacteria from the analyzed composts, 1-5 colonies of each morphotype grown on PCA were purified and further characterized. In total, 239 colonies were recovered-36 from VC, 55 from DC, 61 from SC, 54 from PC, and 33 from MC. Among these, 5 were yeasts (3 from compost VC and 2 from SC) and 19 were lost during the purification process (2 from compost SC, 1 from PC, and 16 from MC). The pure cultures were cryopreserved in nutrient broth (NB; Merck) supplemented with 15% (v/v) glycerol (Merck).
Phenotypic Characterization of the PCA Isolates
Each isolate was characterized for colony and cell morphology, Gram staining, presence of endospores, presence of catalase, and presence of Cytochrome c oxidase. The ability of each purified isolate to degrade the polymeric substrates starch, gelatine, Tween 80, and poly-epsiloncaprolactone (PCL) was assessed as described before [14] . Yeasts, occasionally isolated on PCA, were characterized using the API ID 32C (BioMérieux, Marcy l'Etoile, France) according to the manufacturer's instructions. Gram-positive rods were assayed for antimicrobial activity, using the perpendicular streak method [20] . The target cultures were E. coli ATCC 25922, Enterococcus faecalis DSM 2570, Pseudomonas aeruginosa DSM 1117, and Staphylococcus aureus DSM 1104, references for antibiogram testing quality control. Test cultures were heavily inoculated in half petri plate of PCA and incubated for 24 h at 30°C. A cell suspension of each target culture with a turbidity of 0.2 at 610 nm was dispensed in a row of four spots of 3 μL each, perpendicular to the test culture and incubated for 24 h at 30°C. The absence of growth in one or more of the four spots indicated a positive result. Reproducibility was assessed testing in duplicate approximately 20% of the randomly selected cultures.
Genotypic Characterization
Random amplified polymorphic DNA (RAPD) and repetitive extragenic palindromic (REP) analyses were used to genotype and to group the bacterial isolates. Based on preliminary assays, it was decided which of the typing methods gave a rich and well-resolved fingerprinting pattern for Gram-positive rods, Gram-negative rods, and Gram-positive cocci. After this preliminary assay, 47 isolates were typed with REP and 168 were typed with RAPD. About 32 isolates were typed using both methods and gave concordant results. Total DNA from crude cell lysates was used for the genotypic analysis. REP reactions were performed in a total volume of 25 μL containing: 1x (NH 4 ) 2 SO 4 Taq buffer, 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 1U Taq polymerase (Pharmacia Biotech), 2 μL of DMSO, 1 μL of bovine serum albumin (1%, w/v), 2 pmol/ μL of each primer REP1R-I and REP2-I [18] , and 1 μL of crude cell lysate. After 2 min at 95°C, the samples were subjected to 35 cycles of amplification as follows: 1 min at 94°C, 1 min at 40°C, 3 min at 70°C, and a final extension step of 8 min at 65°C. RAPD reactions were performed as described by Ferreira da Silva et al. [4] , using the primers M13 (5′GAGGGTGGCGGTTCT3′) or OPA3 (5′AGTCA GCCAC3′). Polymorphic DNA fragments from REP or RAPD were analyzed after electrophoresis in a 1.5% agarose gel in Tris-acetate-EDTA (TAE) buffer, and the genotypic patterns were compared visually. Each resemblance group was formed by isolates with genotypic patterns differing by 2-3 bands. About 30% of the isolates (at least 10-15% of each REP-or RAPD-based group) were further characterized by 16S rRNA gene sequence analysis. The 16S rRNA gene was amplified and the sequences corresponding to the first 800 bp were compared with others available in public databases [5] .
Results
Although the age and maturity might differ among the five composts analyzed, these products were sold or supplied by the producers as being ready-to-use. The comparison of the results obtained for the different composts, made throughout this report, is based on such assumption. Total heterotrophs, coliforms, enterococci, actinomycetes, and fungi were enumerated in the different composts (Table 2 ). Higher counts of total heterotrophs, actinomycetes, and fungi were observed in homemade than in commercial composts. The kitchen refuse homemade compost (DC) was the only product where fecal coliforms were detected, and presented the highest counts of all bacterial groups, except enterococci. In contrast, the lowest bacterial and fungal counts were determined for municipal wastes compost (MC). Enterococci were the least prevalent bacterial group in all the composts, being more abundant in the poultry litter compost (PC).
Considering that the diversity of the total heterotrophs would reflect the bacterial variety of culturable organisms present in each compost, the isolates recovered on PCA were purified and further characterized. Although the use of culture media with pH values close to those observed in each compost could have maximized the isolation of bacteria, it would hamper the comparison of the physiological and taxonomic properties of the isolates. Thus, the use of a neutral pH medium was preferred. A total of 215 bacterial strains were isolated and purified from the 5 composts (33 from VC, 55 from DC, 57 from SC, 53 from PC, and 17 from MC). Among these, 78% were Gram-positive and about 40% were endosporeforming bacteria. A minority (22%) of the isolates was Gram-negative. Five yeast isolates, accidentally recovered on PCA, were identified as Rhodotorula rubra and Zygoascus hellenicus from compost SC, and Geotrichum spp. and Williopsis californica (two isolates) from compost VC. These organisms were not studied further.
To assess the physiological properties of the compost bacterial isolates, the production of extracellular amylases, proteases, lipases, and/or esterases was examined using the substrates starch, gelatine, Tween 80, and poly-epsiloncaprolactone polyesters (PCL), respectively (Fig. 1) . In general, compost DC presented the highest frequency of isolates with extracellular enzymatic activity, whereas the lowest was found in MC. Except in compost SC, Tween 80 degraders presented frequencies ranging from 70% to 90% in all the composts, being this, the substrate more frequently degraded by compost isolates. PCL and Tween 80 degraders were in approximate frequencies in composts DC and SC. The percentage of amylase producers was None of the isolates from compost MC evidenced antimicrobial activity.
n: number of isolates tested, black: positive, white: negative above 60% in composts DC, VC, and SC and was considerably lower in the composts PC and MC (30% and 24%, respectively). Gelatine was degraded by only 18% of the MC isolates and by more than 40% of the bacteria from other composts. The potential antimicrobial activity of Gram-positive rods isolated from the different composts was assayed against four reference organisms. Except for compost MC where no antimicrobial activity was detected, approximately 20% of Gram-positive rods were able to inhibit one or more of the targets tested (Table 3) . Compost DC showed the highest diversity of bacteria with antimicrobial activity with E. coli ATCC 25922 and S. aureus DSM 1104 representing the most relevant targets. None of the VC isolates that exhibited antimicrobial activity was active against the Gram-negative targets tested. One isolate from compost PC, identified as Bacillus pumilus, exhibited antimicrobial activity against all the reference strains tested.
The genotyping of the isolates permitted both the assessment of compost bacterial diversity and the identification 
Other ungrouped genotypes of the bacteria present in each product. To achieve this last objective, selected isolates of each genotypic group were identified through the 16S rRNA gene sequence analysis. These identifications are listed in Table 4 . Some genotypic patterns were observed for a single strain and were designated as "other ungrouped genotypes" in Table 4 . The number of distinct genotypes observed in a compost measured, somehow, the genotypic diversity of culturable bacteria present in each product. Using such criterion, compost DC exhibited the highest diversity of culturable bacteria with 28 genotypes (10 of which were ungrouped), followed by compost SC with 21 genotypes (3 ungrouped). A comparative lower diversity was found in the other composts. VC had 16 genotypes (2 ungrouped), MC had 10 genotypes (3 ungrouped), and PC had 9 genotypes (3 ungrouped).
The identification of the isolates showed that members of the phylum Firmicutes were predominant in the composts VC, DC, SC, and PC, whereas Actinobacteria were dominant in compost MC. Among the Firmicutes identified, members of different species of the genus Bacillus were present in all composts. The genus Paenibacillus was also represented by three different species, one of which representing the new species P. humicus [17] , being P. pasadenensis its closest phylogenetic neighbor. Lower numbers of Actinobacteria species were found. Among these isolates, two presumably represent new taxa (VazMoreira et al., unpublished). Compost SC presented the highest diversity of Gram-negative bacteria, belonging to the phylum Proteobacteria.
The isolates referred as "other ungrouped genotypes" (Table 4) were identified as Sphingomonas sp. (AF177917, 98% similarity) and Kocuria palustris (Y16263, 99% similarity) in compost VC. Eight of the 10 ungrouped genotypes observed in compost DC corresponded to Lysobacter sp. (AB083480, 96% similarity), Pseudosphingobacterium domesticum gen. nov. sp. nov. (AM407725) [16] , Stenotrophomonas maltophilia (AJ131117, 99% similarity), Rhizobium sp. (DQ898296, 100% similarity), Bacillus badius (AY803745, 99% similarity), Bacillus sonorensis (AF302124, 99% similarity), "Corynebacterium cyclohexanicum" (AB210282, 98% similarity), Streptomyces sp. (AJ519937, 99% similarity). Two other isolates of this compost were not identified. In compost SC ungrouped isolates were identified as Alcaligenes sp. (AJ412685, 97% similarity), Paenibacillus barengoltzii (AY167814, 97% similarity), and Pigmentiphaga kullae (AF282916, 96% similarity), and in compost PC as Moraxella osloensis (AF005190, 99% similarity), Bacillus circulans (DQ374636, 98% similarity), and Brevibacillus parabrevis (AB112714, 99% similarity). The three isolates from compost MC were not identified.
Discussion
Homemade composts, when compared with the commercial products, presented higher counts of heterotrophic bacteria, actinomycetes, and fungi. These results may be because of both the milder conditions of home composting where temperatures do not exceed 45-50°C (pers. comm.) and the similarity of the pH of these composts and of the culture media used, which presumably favored the microbial recovery. Except for the heavy metal content, the remaining physicochemical parameters determined are approximately in the same order of magnitude for homemade and for commercial composts. Among the analyzed composts, MC exhibited the lowest microbial counts, a fact that may be because of electrical conductivity or the Pb and Cr contents, higher in this product than in the others analyzed ( Table 1) . The relative abundance of coliforms (coliforms/total heterotrophs) was higher in the two composts analyzed that use manure-derived substrates, SC and PC. When compared with the others, compost PC presented a distinct pattern of microbial groups, characterized by a higher relative proportion of actinomycetes and enterococci versus total heterotrophs and fungi. The presence of high counts of enterococci in poultry litter composts has been reported before [9] and may be responsible, as a result of competition, for the low counts of heterotrophic bacteria observed. The abundance of Actinobacteria may have an alternative explanation-given that this compost presents a pH of 9 (Table 1) , which is too high for optimal fungi development, the filamentous bacteria may, under these circumstances, have a competitive advantage and thus present the observed overgrowth. Although, at a first glance, the absence of actinomycetes among the isolates purified for further analysis might seem unexpected, it is easily explained on the basis of the slower growth of these bacteria (7 days on actinomycetes isolation agar) when compared with those isolated from PCA after 24 h of growth. The physiological activity of the bacterial isolates was characterized on the basis of the production of extracellular enzymes and antimicrobial substances, which are important properties in compost microbiota [10, 15] . The homemade composts showed higher percentages of isolates capable of hydrolyzing the different substrates tested. Similar observations were obtained for the antimicrobial activity of the Gram-positive isolates of these two composts. All the PC isolates exhibiting antimicrobial activity were able to inhibit the growth of E. faecalis. In this compost, where enterococci were abundant (Table 2) , bacteria able to antagonize these Gram-positive cocci may have a selective advantage in comparison with other bacteria and, thus, become prevalent, explaining the observed results. Only three isolates, two from compost DC and one from compost PC, were able to inhibit the P. aeruginosa growth.
The highest number of distinct genotypic patterns was observed in compost DC. Moreover, the culturable microbiota of this compost showed high total heterotrophic bacterial counts and physiological activity. In contrast, composts PC and MC, those with more restrictive physicochemical conditions (e.g., high pH, high electrical conductivity, or high heavy metal content; Table 1 ) presented a comparatively reduced genotypic diversity. This observation is concordant with the low germination index (Table 1) observed for the same composts and with the high rate of organisms lost during purification of MC isolates (16/33) . Bacteria belonging to the phylum Firmicutes were found to be predominant in all composts, except in MC where Actinobacteria were prevalent and from which only Grampositive bacteria were isolated. The predominance of Grampositive bacteria, both Firmicutes and Actinobacteria, in composts was referred before [2, 6] and may be attributed to the production of thermotolerant spores. Bacteria belonging to the genus Bacillus were present in all the composts and were dominant in composts VC, DC, and SC. Among the Bacillus species found, some were previously reported in composts, e.g., B. subtilis, B. licheniformis, and B. pumilus [3, 8, 12, 14] . In general, the isolates of the genus Bacillus presented a wider degradative and antimicrobial activity. Staphylococci, also Firmicutes, were isolated from composts DC and SC, although in low numbers, and from PC, where represented the majority of the isolates. The abundance of staphylococci in mature composts is considered to be uncommon [8] . In fact, based on the self-heating test, compost PC was classified at degree III (Table 1) , which indicates that this product might not be fully maturated [2] .
Previous reports comparing culture-independent and culture-dependent methods to assess compost bacterial diversity have demonstrated that only a small proportion of the compost microbiota can be isolated [1, 13] . Using a culture-independent approach, Takaku et al. [13] demonstrated that although Firmicutes may be prevalent during composting, Bacteroidetes are predominant in mature composts. In the present study, a single strain, Pseudosphingobacterium domesticum, belonging to this phylum was identified [16] . Although culture-independent methods have an unquestionable usefulness for the characterization of compost microbiota, culture-dependent methods, which permit the isolation and physiological characterization of compost bacteria, represent a valuable tool to assess their role within the bacterial community.
